Mesangial cell apoptosis occurs in experimental diabetic nephropathy, and this correlates with worsening albuminuria. This study examines the mechanism by which glucose modulates mesangial cell apoptosis. Apoptosis was induced in mesangial cells by serum deprivation in the presence of 5 or 25 mM D-glucose, and examined by expression of Annexin-V and disruption of mitochondrial transmembrane potential. Involvement of Bax, Bcl-2 and NF-jB were examined by RT-PCR and EMSA. Involvement of TGF-b1 was sought by determining the effect of recombinant TGF-b1on apoptosis and the mediators of the apoptotic pathway (Bcl2/ Bax and NF-jB). Culture of cells in the presence of 25 mM D-glucose (i) enhanced apoptosis stimulated by serum depletion, (ii) enhanced activation of caspase-3, (iii) inhibited NF-jB activation, and (iv) decreased Bcl-2:Bax ratio. Inhibition of NF-jB using SN50, also increased mesangial cell apoptosis, and decreased Bcl-2:Bax ratio. Addition of TGF-b1 to mesangial cells mimicked the effect of high glucose reducing NF-jB expression and Bcl-2:Bax ratio. Furthermore glucose-mediated enhanced apoptosis was inhibited by the addition of a blocking antibody to TGF-b1. Exposure of mesangial cells to 25 mM D-glucose stimulated the generation of both total and active TGF-b1 in the cell culture supernatant, this increase was only significant after 48-72 h, that is at a time point later than enhanced apoptosis. Addition of 25 mM D-glucose, however, increased sensitivity of mesangial cells to TGF-b1 as assessed by luciferase activity of a Smad sensitive reporter construct. The data suggest that elevated glucose concentration enhanced the pathway leading to apoptosis following serum deprivation. Furthermore, it is likely that this is dependent on glucose-mediated enhanced sensitivity to endogenous TGF-b1 rather than glucose stimulated de novo TGF-b1 synthesis.
Diabetic nephropathy is a leading cause of end-stage renal disease, which confers high morbidity and mortality rates in diabetic patients. Although nephropathy is a complication of both type I and type II diabetes, 1 the increase in its incidence relates predominantly to an increase in the incidence of type 2 diabetes.
Mesangial cells play a crucial role in maintaining structure and function of glomerular tufts, providing structural support for capillary loops and modulating glomerular filtration by their contractility. 2, 3 The early stages of diabetic nephropathy are characterised by thickening of the glomerular basement membrane and glomerular hypertrophy. Increasing mesangial cell number has been documented in the incipient phase of nephropathy, with a direct correlation between mesangial cell number and albumin excretion rates. 4 This relationship between mesangial cell number is, however, lost in patients with overt nephropathy and proteinuria. In overt nephropathy, expansion of the mesangial matrix, mesangial cell loss and glomerular sclerosis are prominent, associated with proteinuria, hypertension and renal dysfunction. 5, 6 More recently, it has been demonstrated that loss of resident glomerular cells through apoptosis occurs in experimental diabetic nephropathy, 7 and mesangial cell apoptosis has been demonstrated to correlate with worsening of albuminuria. 8 Significantly recent studies suggest that high glucose evokes an intrinsic proapototic pathway in mesangial cells. 8 Understanding the mechanisms, which regulate mesangial cell number in diabetes, is therefore an important goal.
Increased susceptibility to long-term diabetic complications in patients with poor glycaemic control has been demonstrated in a number of epidemiological studies. 9 In addition, strict metabolic control in the very early stages of nephropathy may delay the development of microvascular complications of diabetes. [10] [11] [12] [13] Numerous in vitro studies have suggested that elevated concentrations of glucose modify mesangial cell function. Studies by Wolf et al 14 demonstrated a biphasic growth response of mesangial cells when they were cultured in high glucose concentration; initially there was stimulation of replication followed by a sustained inhibition after longer incubation periods. Exposure of mesangial cells to high glucose levels also promotes transcriptional activation of type IV collagen and fibronectin genes, and increased the synthesis of their respective proteins. [15] [16] [17] There is also evidence that in addition to increased synthesis of extracellular matrix (ECM) components, glucose may also decrease degradation of matrix components which may also contribute to ECM accumulation in the diabetic state. 18 In the current study, we have examined the mechanism by which high glucose modulates mesangial cell apoptosis. The results demonstrate that an elevated concentration of glucose sensitises mesangial cells to the effects of TGF-b1, which subsequently decreases NF-kB activation and in turn, alters the expression ratio of Bcl-2:Bax favouring caspase-3 activation and increased apoptosis.
Materials and methods

Reagents
Inhibitors, antibodies and reagents and their sources were as follows: cell culture media, penicillin/ streptomycin, L-glutamine, HEPES and hydrocortisone (Life Technologies, Paisley, UK); insulin, transferrin and sodium selenite (Sigma-Aldrich Co Ltd, Gillingham, UK); foetal bovine serum (Autogen Bioclear UK Ltd, Calne, UK); recombinant human TGF-b1 (R&D Systems Europe Ltd, Abingdon, UK); pan-specific TGF-b antibody (R&D Systems Europe Ltd); SN50 cell permeable NFkB inhibitor peptide (Merck Biosciences Ltd, Nottingham, UK); alamar blue (Biosource UK Ltd, Nivelles, Belgium); BrightGlot luciferase assay reporter system (Promega, Southampton, UK).
Cell Culture
All experiments were performed using spontaneously transformed rat mesangial cell lines. Cells were cultured in a 1:1 ratio of RPMI-1640/Dulbecco's modified Eagle's medium without glucose supplemented with 10% foetal bovine serum, insulin, transferrin, sodium selenite, penicillin, streptomycin and L-glutamine.
Flow Cytometry
Cell surface binding of Annexin-V was examined by flow-cytometry. The cells were washed in phosphate-buffered saline (PBS) and resuspended in 100 ml of the reaction mix made up of 90 ml distilled water, 10 ml 10 Â binding buffer, 100 mM HEPES, 1.5 M NaCl, 50 mM KCl, 10 mM MgCl 2 and 18 mM CaCl 2 , pH 7.4) 5 ml Annexin-V conjugated to FITC (Pharmingen, UK) and 5 ml propidium iodide (PI, Pharmingen, UK). The cells were incubated in the dark for 20 min at room temperature, centrifuged, washed in PBS and resuspended in 1 Â binding buffer. The sample was analysed immediately by flow cytometry (FACSCalibur, Becton Dickinson, Oxford, UK). The viable cells were Annexin-V/PI negative, cells in early apoptosis were Annexin-V positive and PI negative and cells in late apoptosis/ necrosis were Annexin-V/PI positive.
To determine disruption of mitochondrial transmembrane potential, cells were washed in PBS resuspended in 1 ml of diluted DePsipher solution (R&D Systems Europe Ltd) and incubated at 371C, 5% CO 2 for 30 min. The samples were washed twice, resuspended in PBS and analysed immediately with a flow cytometer.
Detection of Caspase-3
The caspase-3 assay kit (BD Biosciences) was used to quantify caspase-3 in cell lysates following the protocol of the manufacturer. Samples and standards were setup in duplicate in a 96-well plate and read at 405 nm in a microplate reader (FLUOstar and POLARstar OPTIMA, BMG Labtechnologies, Aylesbury, UK). Cell number was assessed by the ability of monolayers to reduce the dye alamarBlue. At the end of each experimental period/manipulation, alamarBlue reagent was added to make up a final volume of 10% of the culture medium. The cells were returned to the incubator for 1 h, after which 100 ml aliquots of medium were quantified for alamarBlue fluorescence using a Fluostar Optima Fluorescence Meter excitation wavelength 544 nm, detection wavelength 590 nm.
Immunobloting/Western Analysis
Total and activated/cleaved caspase-3 protein were examined by Western blot analysis using standard methodologies using a polyclonal caspase-3 antibody raised to a synthetic peptide corresponding to residues surrounding the cleavage site and the amino-terminus of the large fragment of human caspase-3 (Cell Signaling Technology Inc, Beverly, MA, USA). Bcl2 and Bax protein were examined by Western analysis using a monoclonal anti Bcl2 antibody (R&D Systems Europe Ltd) and a polyclonal rabitt anti Bax antibody (Autogen Bioclear UK Ltd) respectively. Briefly, cells were scraped off into 1.0 ml of PBS using a cell scraper, pelleted at 1600 r.p.m., 41C for 7 min before resuspension of the pellet in 100 ml of NP-40 Buffer (0.5% NP-40 in TBS, 5 mM EDTA, 1 mM PMSF, 2% v/v protease inhibitors, pH 7.5). The samples were vortexed for 10 seconds, incubated on ice for 10 min followed by centrifugation at 13 000 r.p.m., 41C for 3 min. The supernatant was transferred to a sterile eppendorf and stored at À201C. The Bradford assay was used to quantify protein concentrations in the extracts. 100 mg of protein was prepared in SDS sample buffer Glucose, TGF-b and mesangial cell apoptosis T Khera et al (2%SDS, 10% v/v glycerol, 60 mM TRIS and 0.05% v/v mercaptoethanol) and boiled for 5 min prior to loading onto 12% SDS-PAGE gels. Electrophoresis was carried out under reducing conditions according to the procedure of Laemmli. 19 After electrophoresis the separated proteins were transferred to a nitrocellulose membrane (Amersham Pharmacia, Biotech UK Ltd, Buckinghamshire, UK). The membrane was blocked with Tris-buffered saline containing 5% non-fat powdered milk for 1 h and then incubated with the primary antibody in Tris-buffered saline containing 1% bovine serum albumin and 0.1% Tween 20 (Tris-buffered salineTween) over-night at 41C. The blots were subsequently washed in Tris-buffered saline-Tween and then incubated with an appropriate HRP-conjugated secondary antibody (Sigma) in Tris-buffered salineTween. Proteins were visualised using enhanced chemiluminescence (Amersham) according to the manufacturer's instructions.
RT-PCR
Alterations in of Bax and Bcl-2 mRNA expression were examined by RT-PCR performed using specific oligonucleotide primers as previously described 20 ( Table 1) . PCR amplification was performed over a range of cycle numbers [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] to ensure that amplification was in the linear range of the curve. One-tenth of the PCR reaction from both test and control (bactin) product were mixed and separated by flat bed electrophoresis in 3% w/v NuSieve GTG agarose gels (Flowgen Instruments Ltd, Sittingbourne, UK), stained with ethidium bromide (Sigma) and photographed. The negatives were scanned using a densitometer (Model 620 video densitometer, BioRad Laboratories Ltd) and the density of the bands compared to those of the housekeeping gene.
EMSA-NF-jB
Cells were scraped, washed and suspended in 400 ml of ice-cold Buffer A (10 mM HEPES-KOH, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT and 0.2 mM PMSF, pH 7.9). The cells were incubated on ice for 10 min, vortexed, centrifuged for 10 s at 13 000 r.p.m. and resuspended in 50 ml ice-cold Buffer C (20 mM HEPES-KOH, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.3 mM DTT and 0.2 mM PMSF, pH 7.9). Subsequently cells were incubated on ice for 20 min, vortexed and centrifuged for 10 s at 13 000 r.p.m. The Bradford assay (BioRad) was used to quantify protein concentrations in the extracts.
An oligonucleotide containing the consensus motif for NFkB (5 0 -CGAAGTTGAGGGGACTTTCC CAGGC-3 0 , 5 0 -CGAGCCTGGGAAAGTCCCCTCAACT-3 0 ) was prepared by annealing the two sequences. A 1 mg/ml stock of each strand was prepared in sterile water. A mixture of 10 ml (from 1 mg/ml stock) of each strand, 10 ml 1 M NaCl and 70 ml sterile water was prepared, heated to 951C for 5 min and then allowed to cool at room temperature. The annealed oligonucleotide (10 ng/ml stock) was labelled with a dTTP-[ 32 P] radioisotope (Amersham Biosciences). A labelling reaction mix was prepared, consisting of 2.5 ml oligonucleotide stock (25 ng/ml, Promega), 1.0 ml non-labelled dNTPs (2.5 mM Â 3), 5 ml 10 Â Klenow buffer (Promega), 5 ml 1 M NaCl and 32.5 ml distilled water. dTTP-[
32 P] (3 ml) was then added to the labelling reaction mix along with 1 ml of the Klenow fragment of DNA polymerase I (2 U/ml, Promega). The labelling reaction was incubated at room temperature for 20 min and the reaction stopped by the addition of 2 ml EDTA (0.5 M, pH 8.0) and 50 ml STE buffer (100 mM NaCl, 10 mM TrisCl and 1 mM EDTA, pH 8.0). The radiolabelled probe was cleaned of any excess radioactivity using ProbeQuant G-50 micro columns (Amersham Biosciences). A binding reaction mix was made up of 4 ml 5 Â binding buffer (1 ml 0.1 M PMSF, 0.5 ml 1 M DTT, 10 ml acetylated BSA (Sigma) and 89 ml 5 Â reactiob buffer-50 ml 1 M HEPES, 250 ml 1 M KCl, 500 ml 100% glycerol and 90 ml water), 5 mg nuclear protein extract, 1 ml poly dI/dC (Amersham Biosciences) and the total volume made up to 18 ml with distilled water. This mixture was incubated at room temperature for 10 min, 2 ml of the [ 32 P]-labelled oligonucleotide probe was added and the mix incubated for a further 20 min and then loaded onto a 6% polyacrylamide gel with no tracker dye. The samples were electrophoresed at 100 V for 3-5 in 0.5% TBE (54 g Tris-base, 27.5 g boric acid, 20 ml 0.5 M EDTA and 1 L H 2 O, pH 8.0) at 41C. Following electrophoresis, the gel was dried using a BioRad vacuum gel dryer for one hour at 701C, and the dried gel exposed to an X-ray film (Hyperfilm, Amersham Biosciences) at À701C for 6-48 h.
TGF-b1 ELISA
Total TGF-b1 in the cell culture supernatant was measured by specific enzyme-linked immunosorbent assay (ELISA) (R&D Systems Europe Ltd) of cell culture supernatant samples. This assay has o1% cross-reactivity for TGF-b2 and TGF-b3. 
TGF-b1 Bioactivity and Sensitivity
Activity of TGF-b1 was measured by determining the effect of mesangial cell conditioned medium on HK-2 cells transiently transfected with a Smadresponsive luciferase promoter construct as we have previously described. 31 HK-2 cells were cultured in a 1:1 ratio of Ham's F12/Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, HEPES, L-glutamine, insulin, transferrin, sodium selenite and hydrocortisone. The Smadresponsive promoter (SBE) 4 -Lux, was a gift from Aristidis Moustakas.
32 Cells (HK2 cell/TGF-b bioassay or mesangial cells/ TGF-b1 sensitivity) were transfected over night with 1 mg of the Smad responsive promoter-luciferase construct, using the lipofection reagent FuGene 6 (Roche) at a ratio of 3 ml Fugene to 1 mg DNA in serum-free and insulinfree medium.
For assessment of TGF-b1 bioactivity, conditioned media were added to transfected HK-2 cells prior to determination of luciferase activity. Conditioned medium was generated by culturing mesangial cells, under serum-free conditions, in either 5 or 25 mM D-glucose for 72 h. Subsequently either untreated conditioned medium or conditioned medium subjected to 10 cycles of freeze-thawing were added to cells transfected with the Smad reporter construct 24 h prior to determining luciferase activity. Repeated cycles of freeze-thawing of samples are well established in vitro mechanisms of activation of latent TGF-b1. 33 Assessment of TGF-b1 sensitivity was determined by addition of 1 ng/ml of recombinant TGF-b1 to transfected mesangial cells and luciferase activity quantified.
Statistical Analysis
Statistical analysis was performed using the unpaired Student's t-test, with a value of Po0.05 considered to represent a significant difference. The data are presented as means7s.d. of n experiments as indicated in figure legends. For each individual experiment the mean of duplicate determinations was calculated.
Results
mM D-Glucose Induced Enhanced Mesangial Cell Apoptosis
To determine the time dependent effect of high glucose concentration on mesangial cell apoptosis induced by serum deprivation, confluent mesangial cells were cultured in serum-free medium containing 5 or 25 mM D glucose for up to 72 h. Annexin-V is a Ca 2 þ dependent phospholipid-binding protein that has high affinity for phosphatidylserine (PS) which itself is translocated from the inner to the outer leaflet of the plasma membrane during the early phase of the apoptotic process. Apoptotic cells were identified by flow cytometry using Annexin-V conjugated to fluorescein isothiocyanate (FITC), in conjunction with propidium iodide (PI) to distinguish apoptotic cells (Annexin-V-FITC positive, PI negative) from necrotic cells (Annexin-V-FITC positive, PI positive). Using this method as a marker of apoptosis, exposure of mesangial cells to 25 mM D-glucose under serum-free conditions for 72 h led to a significant increase (29.1% compared to 21.9% P ¼ 0.002) in the number of cells in early apoptosis as compared to cells exposed to 5 mM D-glucose for the same time (Figure 1a) . Addition of 25 mM Lglucose did not affect apoptosis induced by serum withdrawal (data not shown).
Cellular energy produced during mitochondrial respiration is stored as an electrochemical gradient across the mitochondrial membrane, creating a mitochondrial transmembrane potential. Disruption of this potential is one of the first intracellular changes following the onset of apoptosis. DePsiphert is a lipophilic cation (5, 5 0 ,6,6 0 -tretrachloro-1,1 0 3,3 0 -tetraethylbenzimidazolyl carbocyanine iodide) which can be used as a mitochondrial activity marker. It has the property of aggregating upon membrane polarization forming an orange-red fluorescent compound. If the potential is disturbed, the dye cannot access the trans-membrane space and remains in its green monomeric form. Fluorescence can be analysed by flow cytometry, and thus this method was also used to detect early apoptosis. By DePsipher flow cytometry assay, exposure of mesangial cells to 25 mM D-glucose under serum-free conditions led to a significant increase in the number of cells in early apoptosis compared to that seen following addition of 5 mM D-glucose ( Figure  1b ), both at 48 h (27 vs 18%, P ¼ 0.007) and 72 h (30 vs 15% P ¼ 0.026).
Caspase-3 is an active cell-death protease involved in the execution phase of apoptosis. Further confirmation of activation of the apoptotic pathway was therefore sought by colorimetric assay of caspase-3. Consistent with the data demonstrating alteration in Annexin-V and altered membrane potential, exposure of mesangial cells to 25 mM D-glucose for 72 h under serum-free conditions, led to a 2.7-fold increase (n ¼ 3, P ¼ 0.02) in caspase-3 activity compared to exposure to 5 mM D-glucose (Figure 1c) . Similarly using Western blot analysis, there was an increase in both total caspase-3 expression, and caspase-3 activation as demonstrated by the appearance of cleaved caspase-3 products upon exposure of mesangial cells to 25 mM D-glucose (Figure 1d ).
Glucose Augments Increased Bax:Bcl2 Ratio Following Serum Withdrawal
To examine the potential mediators of glucose induced apoptosis, we analysed the relative mRNA expression of the Bcl-2 related proteins, Bcl-2 and
34 Confluent cells were exposed to either 25 mM D-glucose or 5 mM D-glucose under serum-free conditions for up to 72 h. Total mRNA was isolated at the indicated time points and Bcl-2 or Bax mRNA expression examined by RT-PCR (Figure 2a) . Under serum-free conditions no change in Bax mRNA expression was seen. In contrast, serum deprivation led to a reduction in Bcl-2 expression. The decrease in Bcl-2 mRNA expression was significantly more pronounced at all time points studied, when cells were exposed to 25 mM D-glucose as compared to 5 mM D-glucose. Consequently there was a significantly greater increase in the Bax:Bcl-2 mRNA ratio in the cells exposed to 25 mM D-glucose as compared to those exposed to 5 mM D-glucose (Figure 2b) . In all experiments, the housekeeping gene b-actin was used to ensure equal loading of the gels. In parallel experiments, Western blot analysis confirmed that the changes in Bcl2/Bax mRNA reflected the level of endogenous protein (Figure 2c 
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Increased Apoptosis is Associated with Reduced Activation of NF-jB and Inhibition of NF-jB Mimics the Effects of Elevated Glucose on Apoptosis
There is strong evidence implicating a role for the transcription factor NF-kB as a cell survival factor. 35 Furthermore diminished nuclear translocation of NF-kB has been associated with impaired mesangial cell survival. 21 To determine whether NF-kB is involved in glucose-induced apoptosis, gel shift assays were performed with nuclear proteins and an NF-kB site-specific probe. Nuclear proteins from mesangial cells maintained under serum-free conditions exhibited decreased binding which was further suppressed by exposure to 25 mM D-glucose as compared to 5 mM D-glucose at all time points studied (Figure 3a) . The cell permeable NF-kB inhibitor peptide SN50, which inhibits translocation of NF-kB to the nucleus was used to further investigate the role of NF-kB in glucose induced mesangial cell apoptosis. Inhibition of NF-kB nuclear translocation was confirmed by gel shift assay (Figure 3b) . Furthermore, addition of SN50 (in serum free, 5 mM D-glucose medium) led to a time dependent increase in the Bax:Bcl-2 mRNA ratio which was greater than that seen following addition of serum-free medium alone. This was accompanied by a significant increase in mesangial cell apoptosis as assessed by flow cytometry using Annexin-V/PI as described above, compared to the addition of serum-free medium (% apoptotic cells control: 27.672.8 vs SN50: 40.6677.0, mean7s.d., n ¼ 3, P ¼ 0.02).
Glucose-Enhanced Apoptosis is Mediated by TGF-b1
Next, we assessed whether recombinant TGF-b1 mimicked the effect of elevated D-glucose. Addition of recombinant TGF-b1, for 72 h, led to a significant increase in mesangial cell apoptosis compared to serum deprivation alone, as assessed by flow cytometry using Annexin-V/PI (Figure 4a ). The role of TGF-b1 in glucose-enhanced mesangial cell apoptosis was further examined by blockade of TGF-b1 function. Addition of a blocking antibody to TGF-b1 significantly attenuated glucose induced apoptosis (Figure 4b ). In contrast, addition of control antibody, did not affect glucose-induced mesangial cell apoptosis. The efficacy of the antibody was confirmed demonstration of a dose dependent inhibition of TGF-b1-induced mesangial cells apoptosis in the presence of the blocking antibody (Figure 4c) .
In parallel experiments, stimulation of mesangial cells under serum-free conditions with recombinant Glucose, TGF-b and mesangial cell apoptosis T Khera et al TGF-b1, led to a significant reduction in nuclear translocation of NF-kB (Figure 5a ). This decrease in NF-kB nuclear translocation was associated with a reduction in the expression of Bcl-2 mRNA, with no alteration in Bax mRNA expression (Figure  5b ), thus resulting in an increase in the ratio of Bax:Bcl-2 mRNA (Figure 5c ). In addition, recombinant TGF-b1 stimulated an increase in caspase-3 expression and activation as assessed by Western blot analysis (Figure 5d) . Inhibition of the translocation of NF-kB by the inhibitor peptide SN50, also led to induction and activation of caspase-3.
Previous studies have demonstrated that glucoseinduced alterations in mesangial cell function may be mediated by the pro-fibrotic cytokine TGF-b1. We, therefore, sought to determine the role of glucose-induced TGF-b1 in induction of apoptosis and its relationship with suppressed NF-kB nuclear translocation. Under serum-free conditions, maintenance of mesangial cells under serum-free conditions in the presence of 25 mM D-glucose led to an increase in TGF-b1 as assessed by ELISA (Figure 6a) . Confirmation of the active nature of TGF-b1 was sought by addition of conditioned medium from mesangial cells exposed to either 5 mM D-glucose or Figure 3 Inhibition of NF-kB is associated with enhanced mesangial cell apoptosis. Confluent monolayers of mesangial cells were exposed to either serum-free medium in the presence of 5 mM D-glucose (SF 5 mM) or serum-free medium in the presence of 25 mM Dglucose (SF 25 mM) for up to 72 h. Subsequently nuclear proteins were prepared and gel shift assays were performed using an NF-kB sitespecific probe (a). Specificity of binding EMSA was examined by preparation of nuclear proteins from mesangial cells exposed to either 5 or 25 mM D-glucose for 48 h. Subsequently gel shift assays were performed using either the NF-kB site-specific probe alone (lanes 1 and 2) or in the presence of excess unlabelled probe (lanes 3 and 4) (b). The role of NF-kB was further examined by the use of the cell permeable NF-kB inhibitor peptide SN50. Mesangial cells were incubated with increasing doses of SN50 in the absence of serum for 24 h. Inhibition of NF-kB nuclear translocation was confirmed by gel shift assay (c). In a parallel experiments mesangial cells were incubated with serumfree medium with a glucose concentration of 5 mM, in the presence of 10 mM SN50 for up to 72 h. Subsequently total RNA was isolated and RT-PCR performed as described in Materials and methods. Ethidium bromide stained PCR products were separated on a 3% agarose gel (d). For Bcl2 (upper panel), Bax (middle panel) amplification was performed for 33 cycles. PCR amplification for b-actin (lower panel) was performed for 26 cycles. Scanning densitometry of three individual experiments was performed (e), and the results expressed as the mean7s.d. ratio of Bax:Bcl2 mRNA corrected at each time point for the house keeping gene b-actin, *Po0.05 compared to corrected Bax:Bcl2 mRNA ratio at time zero.
Glucose, TGF-b and mesangial cell apoptosis T Khera et al 25 mM D-glucose to HK2 cells transiently transfected with the Smad responsive promoter-luciferase construct. There was a significant increase in luciferase activity of the promoter construct following addition of 25 mM compared to 5 mM D-glucose-conditioned medium (Figure 6b ). Following in vitro activation of latent TGF-b1 performed by repeated cycles of freeze thawing of the samples, a significant increase in Smad responsive promoter activity was seen following addition of 5 mM D-glucose-conditioned medium. In contrast, repeated cycles of freeze thawing of 25 mM D-glucose-conditioned medium did not increase luciferase activity compared to that seen following addition of untreated 25 mM D-glucoseconditioned medium. These data, therefore, confirm that following addition of 25 mM D-glucose the increase in TGF-b1 was of its active form. The time course of TGF-b1 stimulation would suggest that this is unlikely to mediate glucosedependent apoptosis, as significant increase was seen at a later time point than the observed effect on apoptosis. Recent studies, however, suggest that high-ambient glucose enhances sensitivity to TGFb1. 22 The effect of 25 mM D-glucose on TGF-b1 sensitivity was therefore examined by transfection of mesangial cells with a Smad responsive luciferase reporter construct, addition of either 5 or 25 mM Dglucose for 24 h and stimulation with recombinant TGF-b1 for a further 24 h. Under these conditions, luciferase activity was significantly greater in the cells exposed to 25 mM D-glucose than 5 mM Dglucose prior to addition of TGF-b1 (Figure 7 ).
Discussion
The late phase of diabetic nephropathy is characterised by loss of resident glomerular cells, a process which correlates with the decline in glomerular filtration rate. 23 Mesangial cell death by apoptosis is known to be involved in the resolution of glomerular hyper-cellularity following injury suggesting that apoptosis may be a homeostatic mechanisms regulating the glomerular cell population. 24 It is also clear that apoptosis may also play a pathologic role leading to deletion of mesangial cells associated with progressive glomerulosclerosis. 25 Numerous studies have implicated hyperglycaemia as a regulator of apoptosis in numerous cell types. Hyperglycaemia mediates apoptotic myocyte death suggesting a role in diabetic myopathy. 26 Similarly high glucose triggered apoptosis in cultured endothelial cells 27 and also in neuro-epithelial cells, 28 implicating glucose regulation of apoptotic cell fate in vascular disease and congenital malformations associated with diabetic pregnancy respectively. In contrast hyperglycaemia inhibits vascular smooth muscle cell apoptosis, thus demonstrating the cell-specific nature of glycaemic injury. 29 In the current study, we have used numerous different methodological approaches to demonstrate that elevated glucose concentration increases the pro-apoptotic pathway activated by serum deprivation in renal mesangial cells. In addition, we have demonstrated enhanced activation of one of the key executioners of apoptosis, capsase-3 following exposure to glucose. 
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The data also demonstrate that maintenance of mesangial cells under conditions of elevated glucose leads to augmentation of NF-kB inhibition and that this is associated with an alteration in the ratio of Bax:Bcl-2 which favours increased apoptotic cell death. More specifically our data demonstrate a decrease in the expression of the cell survival factor Bcl-2 with no change in the expression of Bax, which facilitates apoptosis. The transcription factor NF-kB is a critical immediate early response gene involved in modulating cellular responses. NF-kB plays a complex role in apoptosis since it has been found to depend on the cell type. Some studies have implicated NF-kB in promoting apoptosis in certain cells. 30, 36 Conversely several reports provide convincing evidence that NF-kB is involved in inhibition of apoptosis. [37] [38] [39] [40] Recent studies have demonstrated that activating NF-kB prior to injury was anti-apoptotic only following stimuli dependent on tyrosine kinase activation of I-kB alpha, but not IKK-dependent serine phosphorylation of I-kB alpha. This suggests that cell fate may be both dependent on the cell type and the pathway mediating regulation of NF-kB. 41 In this study, we have demonstrated that not only is glucose-enhanced apoptosis associated with reduced NF-kB activation, but that inhibition of NF-kB activation with a peptide which prevents NF-kB translocation mimics the effects of glucose in enhancing apoptosis and also downregulating Bcl-2 expression, thus providing convincing evidence that glucosemediated inhibition of NF-kB activity is involved in determination of apoptotic cell fate. Our data is consistent with numerous studies which have demonstrated that NF-kB is a cell survival factor in mesangial cells. 21, 42 Numerous studies have demonstrated that TGF-b1 mediates many of the effects of glucose on mesangial cell function. Elevated glucose leads to transcriptional activation of TGF-b1. 43, 44 Furthermore, glucose-mediated alterations in mesangial cell function are mediated by autocrine activation of TGF-b1. 45 Recent reports suggest that glucose also enhances sensitivity of mesangial cells to the effects of Figure 5 Inhibition of NF-kB activation and suppression of Bcl2 by TGF-b1. Confluent monolayers of mesangial cells were exposed to serum-free medium in the presence of 1 ng/ml recombinant TGF-b1 for up to 24 h. Subsequently nuclear proteins were prepared and gel shift assays were performed using an NF-kB site-specific probe (a). In a parallel experiment mesangial cells were incubated with serumfree medium with a glucose concentration of 5 mM either in the presence of 1 ng/ml of recombinant for up to 72 h prior to isolation of total RNA. RT-PCR performed as described in Materials and methods. Ethidium bromide-stained PCR products were separated on a 3% agarose gel (b). For Bcl2 (upper panel), Bax (middle panel) amplification was performed for 33 cycles. PCR amplification for b-actin (lower panel) was performed for 26 cycles. Scanning densitometry of three individual experiments was performed (c), and the results expressed as the mean7s.d. ratio of Bax:Bcl2 mRNA corrected at each time point for the house keeping gene b-actin, *Po0.05 compared to corrected Bax:Bcl2 mRNA ratio at time zero. In a further set of experiments confluent mesangial cells were exposed to serum-free medium containing 5 mM D-glucose (NG), 25 mM D-glucose (HG), recombinant TGF-b1 or the NF-kB inhibitor SN50 (10 mM) for 24 h prior to lysis of cells and Western blot analysis of caspase-3.
Glucose, TGF-b and mesangial cell apoptosis T Khera et al TGF-b, 22 consistent with enhanced luciferase activity of the TGF-b1 responsive promoter when stimulated by TGF-b1 in the presence of elevated glucose concentration in our study. The demonstration that inhibition of TGF-b1 action using a blocking antibody abrogated 25 mM D-glucose-enhanced apoptosis, confirms the central role of TGFb1 in this response. Although we have confirmed increased generation of bio-active TGF-b1 in mesangial cells exposed to an elevated concentration of D-glucose, the delayed time course for TGF-b1 generation relative to altered Bcl2/Bax ratio and NF-kB activation, suggests that stimulation of de novo synthesis is unlikely to be the sole mediator of apoptosis in these in vitro experiments. Enhanced sensitivity to TGF-b1 signaling is therefore likely to be an important mechanism contributing to the proapoptotic effect of glucose.
Although the data presented provides evidence for a mechanism by which glucose through enhanced sensitisation of TGF-b1 signalling increases mesangial cell apoptosis, it is likely that this is not the sole mechanism by which apoptosis may be stimulated in diabetic nephropathy. For example, glucose is known to modulate mesangial cell function by enhanced activity of aldose reductase, protein kinase C isoforms and the synthesis of advanced glycation end products. 46, 47 Activation of these pathways, in turn, is known to be associated with glucose-mediated apoptosis related to the development of microvascular complication of diabetes. [48] [49] [50] [51] Recent studies have demonstrated Glucose, TGF-b and mesangial cell apoptosis T Khera et al that the pro-apoptotic effects of these pathways may each be mediated by increased generation of superoxide, as normalising mitochondrial superoxide production prevents glucose induced activation of protein kinase C, sorbitol accumulation of formation of advanced glycation end products in cultured endothelial cells. 52 This is also consistent with recent data suggesting that high glucose may promote mesangial cell apoptosis by oxidant-dependent mechanisms. 53 Furthermore treatment with antioxidants reduce glomerular cell apoptosis in a model of diabetic nephropathy in vivo. 51 In conclusion, we have demonstrated that glucose-enhanced mesangial cell apoptosis is mediated by autocrine TGF-b1 activity, which leads to inhibition of nuclear translocation of NF-kkB and suppression of Bcl2 expression. The data provide insight as to how alterations in glucose related to diabetes mellitus may influence mesangial cell number and contribute to glomerulosclerosis associated with diabetic nephropathy.
